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Abstract 
Within the framework of the recent trend to identify efficient ways of producing solar syngas (CO/H2), the two-step redox based 
solar thermochemical water dissociation cycle, already employed at a semi-pilot scale for the renewable production of H2, can be 
modified to include CO2 and/or combined CO2/H2O splitting. The present work relates to Ni-ferrite, as candidate redox material 
to be employed in Concentrated Solar Power (CSP)-aided thermochemical processes for CO2 and CO2/H2O splitting for the 
renewable production of CO and syngas respectively. The mixed oxide was synthesized via the Self-propagating High 
temperature Synthesis (SHS) method and subsequently calcined under air at 1400oC for 1 h. Upon calcination, the material 
obtained the single phase spinel structure. The material was tested, in the form of powder and as a small cylinder-shaped porous 
structured body, in a lab-scale fixed bed reactor. The experimental protocol involved a thermal activation step of the material for 
1h at 1400oC under N2 flow, the CO2 or CO2/H2O splitting step at 1100oC for 30 min, which resulted in the production of CO or 
CO/H2 respectively and the thermal reduction step under N2 at 1400oC for 30 min. The effect of CO2 concentration in the feed 
gas (4%-100%) was investigated in two-cycle experimental runs. In addition, a preliminary durability test was conducted under 
pure CO2 flow for 8 consecutive splitting and thermal reduction steps. Co-feeding of H2O and CO2 was also conducted for two 
different compositions; 8%H2O/4% CO2/N2 and 16%H2O/8% CO2/N2). Τhe porous structured body showed somewhat lower 
yield, in terms of CO2 splitting, compared to the powder. 
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1. Introduction 
During the last decade, systematic research effort has been devoted to the identification of suitable materials and 
processes allowing efficient and economically viable exploitation of solar energy for hydrogen (H2) production [1]. 
One aspect of this broad concept refers to the utilization of Concentrated Solar Power (CSP) as the heat source 
required for H2 production via water splitting (WS) at moderately high temperatures (600-1600oC), with the aid of 
various thermochemical cycles [2]. The two-step ferrite-based redox thermochemical WS cycle is considered to be 
among the most promising approaches, since its theoretical solar-to-H2 efficiency can be as high as 40% [3]. 
Provided that such “carbon neutral” H2 becomes available, it can be combined with atmospheric carbon dioxide 
(CO2) for the production of the so-called ‘carbon neutral hydrocarbons/liquid fuels’ [4], compatible with the existing 
transportation infrastructure and therefore capable of a gradual deployment with minimum supply disruption. A 
reasonable approach to convert CO2 and H2O into fuels is through the intermediate production of synthesis gas 
(‘syngas’). Syngas is a mixture of carbon monoxide (CO) and H2 at varying ratios and its exothermic conversion to 
fuel and other chemicals has been commercially practiced for decades (Fischer-Tropsch technology) [5].  
The idea of exploiting solar-aided thermochemical cycles to decompose CO2 was proposed as early as 1980 [6], 
but was initially targeted to carbon, rather than CO, production. Recently, selected thermochemical cycles employed 
for the production of H2 via WS were modified to include CO2 splitting (CDS) and/or combined CO2/H2O splitting 
[7]-[9], according to the following general two-step scheme: 
 
221 HMOOHMO xx o     or    COMOCOMO xx o 21      (1) 
                                                      21 2
1 OMOMO xx o                                                   (2) 
 The approach is conceptually simple, since the thermal reduction (TR) step is common for both WS and CDS. 
Therefore, a particular redox material can be used for both WS and CDS either separately, i.e. to produce a stream of 
H2 and a stream of CO, or simultaneously – when H2O and CO2 are co-fed to the redox material reactor – to produce 
syngas in one step. 
Studies on solar fuels production via thermochemical reactions involve the investigation of redox materials such 
as Zn/ZnO, FeO/Fe3O4, CeO2 and ferrites [10]-[14]. Structural investigations and density functional theory 
calculations of metal-ion substituted ceria showed that transition metal ions - like Mn, Fe, Co, Ni, Cu - can be in-
principle promising dopant candidates to enhance the oxygen (O2) storage capacity of pure ceria, contrary to rare-
earth- ion substitution that had nearly marginal effect [15]. The elevated temperatures required for reaction (2), 
impose the use of concentrated solar energy to perform the thermal decomposition step in a high-temperature solar 
reactor. Thus, several recent studies start with the production of the reduced form of the metal oxides or metals (e.g. 
FeO, SnO, Zn) in solar reactors [16]-[18]. Evidently, under such a concept, quenching is required to both avoid re-
oxidation and achieve products separation. The product (“solar” FeO/SnO/Zn) is then collected, processed (milled) 
and transferred to another reactor for the lower-temperature splitting step with either one or two gaseous reactants 
(H2O/CO2). However, the challenge for the development of reliable and scalable solar reactors to perform both steps 
of the cycle in a continuous/quasi-continuous mode still remains.  
In this respect, and based on the well-known technology of automobile catalytic converters [19], the concept of 
monolithic honeycomb solar reactors for performing WS redox pair cycles for H2 production was introduced [20], 
[21]. In addition to honeycomb solar reactor concepts, other groups have also investigated foam reactor designs for 
either WS or CDS or simultaneous WS/CDS, with prominent examples being ETH and Caltech researchers that have 
employed CeO2 and Sm0.15Ce0.85O1.925 to perform separately WS and CDS [22],[23]. Ceria-based compositions offer 
several benefits for thermochemical cycling over alternative metal oxide systems. However, such materials are also 
associated with certain challenges, with the most prominent one being the high thermal reduction temperatures 
required (higher than those of ferrites) in order to attain significant reduction efficiency. At such temperatures - 
exceeding 1500oC - gradual sublimation of ceria occurs, which in turn induces a progressive decrease in the 
reduction yield [24].  
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Previous works from several research groups [25]-[29], as well as by the present authors [30],[31], have identified 
NiFe2O4 and CoFe2O4 as promising materials for H2 production via cyclic WS-TR and the two reaction steps have 
been extensively studied and modeled. In addition, these two ferrites remain in the solid state during the two steps of 
the WS thermochemical cycles, with undesirable phenomena such as melting, volatilization or phase decomposition 
upon cycling being negligible or non-existent. Despite the fact that Ni-ferrite has been studied to an appreciable 
extent with respect to its performance in the thermochemical redox WS cycle, its experimental evaluation regarding 
the CDS and combined WS/CDS cycles, under the scheme proposed by reactions (1) and (2), is not referenced in the 
open literature. Thus, based on the experience already gained from WS studies, the present work focuses on the 
evaluation of Ni-ferrite as candidate redox material to be employed also for the aforementioned splitting cycles for 
the renewable production of CO and syngas. The material was tested in the form of powder in a fixed bed reactor 
and the basic reaction parameters, such as operating temperature window, reactants concentrations and the effect of 
cyclic operation on the structural stability of the material were investigated. An additional novel aspect of the present 
study refers to the evaluation of CO2 splitting on porous structured bodies, manufactured entirely from the Ni-ferrite 
redox material.     
2. Experimental 
The Ni-ferrite utilized in the present study, was prepared by the Self-propagating High-temperature Synthesis 
(SHS) method from a reactants mixture of Fe, NiO and Fe2O3, according to the procedure described in a previous 
study [20]. The as-synthesized product was grinded and then calcined under air at 1400oC for 1 hour. After 
calcination, the material is single-phase corresponding exclusively to the NiFe2O4 spinel structure. It must be 
mentioned that calcination under air, apart from being an important step for the conclusion of the preparation of the 
required single-phase spinel composition, ‘stabilizes’ the material with respect to its structural properties. Thus, 
undesired factors that could induce fluctuations and/or potential over- or under-estimation of the material’s 
performance during cyclic testing under reaction conditions are minimized. A more in-depth analysis regarding 
structural stability issues of several mixed oxides, including ferrite based materials, under various treatment 
conditions can be found in [30]. 
The calcined sample was subsequently placed in a fixed bed alumina tube reactor (28mm), in a setup that was 
identical to the one depicted and described in detail in [30],[31]. In the case of CO2-only containing feedstocks, CO2 
concentration was varied from 4-100% vol, with nitrogen (N2) being the balance gas. The total flow rate introduced 
into the reactor was 2 l/min (std) in all cases. In the case of CO2/H2O co-feeding experiments, a heated pressurized 
water tank was employed and two different steam contents were applied, namely 8 and 16% vol, with the H2O/CO2 
volumetric ratio in the feed gas being constant at 2.0.  
The first step in a typical experiment is the thermal activation reaction, during which a N2 flow passes through the 
fixed bed for a time period of 60 minutes at 1400oC. Then, the material is exposed to the oxidizing environment 
(CO2 or CO2/H2O based mixtures at temperatures of 900-1200oC), which results to the production of CO or syngas. 
The oxidation reaction is followed by a 30-min TR step under the same temperature (1400oC) employed for the 
initial thermal activation process. Analysis of the gaseous products was performed with the aid of a mass 
spectrometer and analyzers for measuring CO2 and CO concentrations (Pfeiffer, Omnistar Quadruple Mass 
Spectrometer, HORIBA VIA 510 and SIGNAL Instruments 7000FM GFC Analyzers).   
Finally, the redox Ni-ferrite material was further shaped into cylindrical-shaped porous structured bodies 
(28mm, 10mm height), with the aid of an in-house built iso-static hydraulic press. The shaping process involved 
mixing of the Ni-ferrite powder with a pore-forming agent (circa 75% vol/vol on a bulk density basis) in the raw 
mixture that resulted to the formation of an appreciable porosity (approx. 75-80% vol) in the final calcined body. An 
aqueous solution (0.4% vol) of polyvinyl alcohol (PVA) was used as binding agent. The binder content in the raw 
mixture was 10% wt. Based on the mean particle size of the pore forming agent employed, the estimated average 
pore size was 1.5 mm. The final step of the preparation procedure involved calcination of the green body at 1400oC, 
in order to remove the pore-forming agent and also ensure the creation of adequate mechanical strength. The 
splitting ability of the porous body was evaluated in the setup and under the conditions described previously for the 
case of the powder. A photograph of the porous body employed in the present study, after its calcination at 1400oC, 
is provided in Fig. 1. 
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Fig. 1. Calcined porous body prepared from Ni-ferrite. 
3. Results and discussion 
3.1. Ni-ferrite redox material: powder form 
3.1.1. CO2 splitting 
Initially, two reference blank experiments were performed: a stream of 4% vol. CO2 in N2 and a stream of 100 % 
CO2 were fed into the reactor that was free from any redox material. The evolution of CO concentration for the two 
cases was monitored and is presented by the solid lines in Fig. 2.  
 
 
Fig. 2. Comparison between CO concentration obtained from “blank” experiments and from 
thermodynamic calculations as a function of temperature and CO2 gas phase content. 
In Fig. 2, the respective thermodynamic equilibrium calculations for the same gas mixtures (HSC Chemistry 7.14 
Outotec software) [32] are also provided. These experiments show essentially beyond which temperature limit the 
thermal-only homogeneous splitting reaction takes place. Evidently, gas-phase CO2 splitting contribution becomes 
measurable at temperatures exceeding 1250oC. CO production increases with temperature and there is also a 
straightforward dependency on the CO2 concentration in the feed. CO produced from thermal-only CDS can 
‘artificially enhance’ the CO yield of the redox material. In this respect, throughout the present study and in order to 
assure that such gas-phase contribution remained negligible during the experimental campaigns conducted, the 
highest CDS temperature tested was 1200oC.  
The first set of parametric experiments was performed with the aim of determining the temperature of maximum 
CO production during the oxidation step (up to 1200oC). Given the scope of this set of experiments, only one CDS 
step was performed at each splitting temperature tested after the initial activation at 1400oC, with the duration of the 
splitting step set to 90 min. This set of experiments was performed with a reactants mixture of 4% CO2 in N2. 
Depicted in Fig. 3 are the curves obtained for four different oxidation temperatures in the range of 900-1200oC. In 
the course of the initial thermal activation (reduction) step O2 was released from the material that - as already shown 
in previous relevant studies [30], [31] - caused its transformation into the oxygen-deficient/reduced form of 
NiFe2O4-δ spinel structure; where δ corresponds to the fraction of oxygen atoms removed from the lattice with 
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respect to the fully oxidized form of the material. By assuming that the calcined material corresponds to NiFe2O4 
structure and by taking into account the total amount of O2 measured during the thermal activation step (Fig. 3(a)), 
an estimated value of δ=0.11 was calculated. Phase composition comparisons of the material after the various 
processing steps are reported and commented later in the text. 
In all plots of Fig. 3(b), the calculated values of normalized (i.e. mmoles/g redox material) CO produced for the 
whole duration of the oxidation steps are noted. The total amounts of mmoles were derived from the respective 
integrals of the areas under the CO evolution curves and by also using the total flow rate measured at the reactor 
outlet. Evidently, CO yield increases with temperature up to 1100oC and then drops. Thus, 1100oC was the 
temperature of choice for the oxidation step of the subsequent experimental studies. It is also noted that the amount 
of O2 released during the thermal activation step was only partially replenished with the O2 removed from CO2 
during the oxidation reaction. Even at 1100oC, the replenishment percentage for a splitting duration of 90 min was 
approximately 15% of the total calculated value. This phenomenon has also been highlighted and commented upon 
in our previous studies referring to the respective WS experiments over Ni and Co ferrites [30],[31]. However, as 
will be made evident later in the text, this ‘partial O2 replenishment’ behavior referred only to the initial thermal 
activation step, during which the amount of O2 removed from the fully oxidized material is maximized. 
  
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
(b) 
Fig. 3. (a) O2 release during the activation step and  (b) effect of CO2 splitting temperature on CO yield for a reaction mixture of 4% CO2 in N2 
Subsequently, the effect of CO2 content in the feed on the total normalized CO yield was investigated. Similarly 
to Fig. 3, this set of experiments included an initial activation step of 60 min followed by two full CDS/TR cycles 
between 1100-1400 oC with the duration of each step being equal to 30 min. Fig. 4(a) shows the typical gas 
evolution profiles – only for the cases of 8 %, 32 % and 100 % vol. CO2 for reasons of clarity and space economy. 
Fig. 4(b) depicts, the normalized CO yield obtained at each step, for the five values of CO2 concentration in the 
reactor inlet.  
Clearly, CO yield increases with the increase of the CO2 content. In the range of 4-32%, the amount of CO 
produced during the 30 minutes of the splitting step increases almost linearly with the CO2 concentration in the feed. 
Further increase in the CO2 content to 100% causes a deviation from the aforementioned linear behavior. Another 
interesting observation was the fact that the CO/O2 molecular yields ratio was in all cases higher than 2, which is the 
value corresponding to the ‘idealized’ scheme of reactions (1) and (2) provided earlier in the text. The explanation is 
two-fold: on one hand, the two steps were not conducted for an adequate time period that would have led to 
complete oxidation and thermal reduction of the material. On the other hand, as made evident by the profiles of CO 
and O2 evolution during oxidation and thermal reduction steps respectively, the kinetics of the two reactions are 
quite different, with the CO generation occurring at a clearly faster rate. In addition to the above, one experiment 
with 100% CO2 comprising 8 consecutive thermal reduction/splitting cycles was performed (Fig. 5), in order to 
identify any potential material degradation phenomena during the whole duration of such a multi-cyclic exposure 
test. The conditions were those as ‘optimized’ from the previous sets of experiments, i.e. activation/reduction 
temperature 1400oC and splitting temperature 1100oC, while the duration of each step was set at 30 min. Although, 
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this experiment can by no means be considered as a long-term stability test of the redox material, a first picture of its 
behavior under a reasonable number of cycles could be obtained. 
 
 
(a) (b) 
Fig. 4. Effect of CO2 concentration in the reactor inlet on (a) the gas evolution curves as a function of time for three values of CO2 mole fraction, 
8, 32 and 100% vol, (b) the normalized CO yield for the two CO2 splitting steps 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Fig. 5. 8-cycle experiment for 100% CO2 as feedstock and CO2 splitting temperature at 1100oC: (a) gas evolution curves as a function of time; (b) 
CO and O2 normalized yields obtained. 
In Fig. 5(a) the actual O2 and CO concentration profiles are shown as a function of temperature and time, whereas 
in Fig. 5(b) the calculated normalized O2/CO yields during the 30 minutes of each step are compared. It can be seen 
that CO production decreases moderately in the course of the first 4 cycles performed (~25% lower than the one 
calculated for the first cycle). From cycle no 4 to cycle no 8, CO yield remains virtually stable (maximum deviation 
during these last 5 cycles was well below 10%). Even though this performance looks promising, clearly, the 
behavior of the material for a number of several tens or even hundreds of cycles needs to be evaluated, before any 
safe conclusions with respect to its stability/durability are extracted.  
3.1.2. CO2/H2O co-splitting  
In the case of the co-feeding experiments, two different reactant compositions, (4% CO2/8% H2O in N2) and (8% 
CO2/16% H2O in N2), were investigated for a total number of 2 full cycles and at temperatures of 1400°C (thermal 
reduction) and 1100°C (splitting). The CO/H2 and O2 concentration profiles obtained are comparatively shown as a 
function of temperature and time in Fig. 6(a) and (b) for the cases of 4% CO2/8% H2O and 8% CO2/16% H2O 
respectively. A similarity between the H2 and CO profiles can be observed; the two curves are nearly parallel to each 
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other indicating that the two reactions take place at almost equal rates (at least within the duration of 30 
minutes/step). The 2-fold increase in the concentrations of the two reactants caused a ca. 2.5-fold increase in both 
CO and H2 yields. Based on the relevant calculations, the H2/CO yields ratio, for both reactants compositions and in 
both cycles performed for each case remained constant at approximately 1.40. It should be noted that in a recent 
study by the ETH group [33], a H2/CO yield of approximately 0.60 was reported for a H2O/CO2 ratio of 2.0 in the 
feed gas when ceria was used as the redox material. Although the CDS/WS step in that study was conducted at a 
lower temperature than the one employed here (827oC), this notable difference provides strong indication that 
utilization of Ni-ferrite is preferable when higher H2/CO ratios, at a given H2O/CO2 feedstock, are required.   
Finally, comparative XRD analysis of several ‘spent’ Ni-ferrite samples subjected to CO2 splitting (after 2 and 8 
cycles), H2O splitting (after 2 cycles) and combined CO2/H2O splitting (after 2 cycles) were performed. The relevant 
XRD patterns, together with the one of the reference (fresh/calcined sample) are comparatively shown in  
Fig. 7. Evidently, in all cases the material remains structurally stable with the spinel phase being the only one 
detected. As already analyzed in a previous work of the present authors [31], related to WS studies with the same 
material, a slight shift of the ferrite main peaks occurred after its utilization in the consecutive splitting/reduction 
steps. This is attributed to the variation of the material oxygen deficiencies concentration (i.e. change in δ value). 
 
 
(a) 
 
 
 
(a) 
 
 
(b) 
Fig. 6. Evolution of CO, H2 and O2 profiles as a function of time and temperature obtained during the 2-cycle experiments for two different 
feedstocks: (a) 4%CO2/8%H2O and (b) 8%CO2/16%H2O 
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(b) 
 
Fig. 7. Comparative XRD patterns of “as-synthesized”/calcined Ni-ferrite and “spent” samples subjected to CO2, H2O and combined CO2/H2O 
splitting cycles within the diffraction angle range: (a) 10-80 degrees (b) 34-38 degrees. 
3.2. Ni-ferrite redox material:  porous structured body  
3.2.1. CO2 splitting  
In the case of the CO2 splitting on the Ni-ferrite porous structured body, three different CO2 concentrations were 
employed (4%, 8% and 16% CO2 in N2) following the same protocol as in the case of the experiments with the 
respective powder. The CO and O2 production profiles, for the different CO2 concentrations in the feed, are depicted 
in Fig. 8. In line with the powder case, it can be observed that there is an increase of the CO yield as CO2 
concentration increases. From Fig. 8 it can also be observed that the amount of O2 produced during thermal 
reduction is higher than that expected to derive from the material oxidation by CO2. Presumably, this could be 
attributed to the longer activation period that the structured body would require in order to achieve removal of O2 to 
a similar extend with that of the powder case.    
It can be also corroborated that, for the same concentration of CO2 and based on the respective total amounts of 
CO produced for the two cases, the CO yield of the structured body is lower than that of the powder. This is mainly 
a result of the smaller surface area exposed to the reactant flow, in the case of the structured body, since the flow is 
forced to go only through the open and interconnected pores of the porous body. However, this could be improved 
via enhancement of the structural characteristics of the porous body that will allow optimized contact with the 
reactant gases. Fine-tuning of the porous structured body preparation process is already under investigation. Finally, 
it must be highlighted that the porous structured body presented excellent structural stability during the sequential 
splitting and thermal reduction cycles (no cracks formation detected). 
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Fig. 8. (a) CO and O2 evolution curves for the case of 3 different CO2 concentrations (4, 8 and 16% CO2 in N2) and (b) comparison of the CO 
yield from CO2 splitting for the case of the Ni-ferrite powder and porous structured body for three different CO2 concentrations. 
4. Conclusions 
Ni-ferrite was investigated in this study with respect to its capability to split CO2 and CO2/H2O mixtures for the 
production of CO and CO/H2 mixtures respectively via two-step thermochemical cycles. Cyclic thermal reduction - 
splitting parametric studies were performed to quantify the effects of operational parameters on CO, H2 and O2 
yields. In these studies, the thermal reduction steps were conducted at 1400oC and the splitting steps up to a 
maximum temperature of 1200oC to exclude the occurrence of the thermal-only CO2 dissociation.  
During CO2 splitting experiments with 4 % mole fraction of CO2 in N2, a maximum of CO yield was measured at 
a CDS temperature of 1100oC. For values of CDS temperature 1100oC, CO yield showed an increase upon 
increasing the CO2 content in the feed gas in the range of 4-100%, resembling that of a Langmuir-type dependence.  
Cyclic performance of thermochemical CO2 splitting was demonstrated for up to 8 cycles without identifying any 
significant redox material deactivation. 
Ni-ferrite was shown to successfully split simultaneously CO2 and H2O under a co-feeding mode of operation to 
CO and H2 with a H2/CO ratio close to 1.40. At the particular experimental conditions tested, the two splitting 
reactions seem to proceed with nearly the same rate indicating a similar mechanism. An increase of the 
concentrations of the two gaseous reactants in the feed was shown to increase both the CO and H2 respective yields.  
Characterization of the redox material prior and after exposure to the cyclic reaction conditions tested for both 
CO2 and CO2/H2O cases revealed that its spinel structure was retained. In addition, the O2 evolution profiles and 
measured values of thermal activation and reduction steps were similar to the respective ones reported in a previous 
work with the same material used for WS studies [31].  
Finally, a porous structured body consisting entirely of Ni-ferrite was successfully manufactured and evaluated 
with respect to its CDS performance. It was observed that the porous body is an active CO2 splitter and has a similar 
behavior to that of the same material in powder form during the increase of CO2concentration. The lower CO yield 
in the case of the porous body, as compared to that of the respective powder, is attributed to the lower surface area 
of the redox body, which could be improved by altering its structural characteristics. 
Based on the above, work in-progress is focused on the development of ‘refined’ kinetic models, taking into 
account the here presented experimental findings complemented with further studies in order to verify and 
generalize the trends observed so far. Another important aspect to be considered in a future experimental campaign 
is the study of the impact of the CO2/H2O ratio in the feed gas on the composition of the ‘solar syngas’ produced.     
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